Behavioral activities of 32 heifers in pens with shade and no shade (sunlight) were observed to establish whether or not providing shade made a difference in recorded vaginal temperatures of heifers. Four breeds of heifers, 8 of each breed: black Angus, white Charolais, tan-colored MARC I and dark red MARC III were used in order to establish the effect of hair coat color on thermal response. A mechanistic heat and mass transfer model that uses environmental parameters and physical and optical properties of hair and hair coat as input was used to do thermal analysis. There was no significant difference in measured internal body temperature between breeds for heifers in shade or sunlight at ambient temperature of 36°C. Hair color played a significant role in solar radiation absorption. Cows with black and dark red colors absorbed high solar radiation than heifers with white and tan. The model predicted a benefit in providing shade when ambient air temperature was 36°C. A benefit was not apparent when air temperature was 42°C. The model predicted that sensible heat load was sensitive to ambient air temperature, air velocity and density of hair coat.
INTRODUCTION
Heat stress in cattle decreases feed intake and growth, and in extreme cases, can cause death. Heat stress occurs when the temperature increases rapidly, or the temperature remains high for several consecutive days with little or no recovery at night. A heat wave that occurred in Western Iowa in July 1995 caused an approximate loss of 3,750 head of cattle. Direct losses were estimated at $42.8 million and production losses at $28 million. The same heat wave also killed over 5,000 head of cattle in Northeast Nebraska (Busby and Loy, 1996) . To reduce the devastating effects of heat, researchers (Mader et al., 1999) have recommended the use of shades and sprinkler cooling systems.
Because incident solar radiation may greatly exceed metabolic heat production, the use of shades has been investigated for many years. A simple shade can reduce an animal's radiant heat load by 30% or more (Bond et al., 1967) . Results from performance trials from shaded and unshaded feedlot cattle have, however, shown inconsistent results. Garrett (1963) summarized results from several shade studies and concluded that the areas that incur over 750 h per year of temperatures above 29.5 °C generally show increases in feedlot cattle performance from the use of shades, while performance in areas that receive 500 -750 h per year of temperature above 29.5°C is less conclusive. The Midwest region of the United States, where many feedlots are located, fall in either the 500 -750 h above 29.5 °C, or in less than 500 h above 29.5 °C category. The Southern regions of the U.S. experience substantial periods of hot and dry weather during the summer. Even in the Northeast, periods of hot and humid spells do occur every summer.
During times of high solar radiation, temperature, and high humidity, a reduction of solar radiation may be one way of preventing potentially lethal heat stress (Blackshaw and Blackshaw, 1994) . Hahn et al. (2000) stated that shade might prove to be a form of insurance against losses during extreme summer weather. In addition to these researcher recommendations, the Australian government threatened to introduce legislation that would mandate the provision for shade for feedlot cattle by 2005. Pending further studies the new Animal Protection Act in Queensland has been pushing to make shades compulsory for all new feedlots and some Shires make it compulsory as part of a permit process (Gaughan, 2004) . Providing shades for all cattle in feedlots are cost prohibitive. Shade could be used in a cost effective manner if a producer could sort out the cattle in such away that shade be used only for the most vulnerable cattle.
The effects of heat stress do not go away immediately after the stress is removed. Milk production that is lost during the summer usually is not recovered until the late fall. In fact, milk production in a subsequent lactation (occurring in cooler weather) has also been shown to be adversely affected by previously endured heat stress (Collier et al., 1982) .
Providing shade is one of the methodologies to abate summer heat stress. Various recognized methods that ameliorate heat stress are not completely understood relative to their comparative effectiveness nor are the rates of return on system investments documented. This research is to investigate how different breed of heifers respond thermally and behaviorally in shade or in sunlight during a hot summer period.
OBJECTIVES
The specific objectives of this research are:
(1) To determine thermal and behavioral responses of four breed of heifers in pens with shade available and in pens under direct sunlight without shade.
(2) To conduct sensitivity analyses to determine the effects of different environmental parameters and hair coat physical and optical properties on skin surface temperature, sensible and evaporative heat fluxes of the same breed of heifers. 
MATERIALS AND METHODS

Hair Coat Physical and Optical Properties
Hair coat samples were collected from mid dorsum by clipping a swath of hair coat with a single pass close to the skin surface using a fine tooth clipper to retain the original length of the hairs. Hair coat thickness was measured after exposing the cross section of the hair coat following clipping. The area of the skin clipped ranged from 26 to 53 cm 2 . The number of fine hairs and guard hairs from a small representative portion of the hair samples were counted and weighed. Extrapolating back to the total weight of the sample, the hair density (number of hairs/m 2 ) was calculated. Representative hair lengths and diameters of fine hairs and guard hairs were used to calculate a weighted average hair diameter and length. Two pelt samples of each breed were collected from the slaughter house to be used for measurement of solar reflectivity of the hair coat. An 8 cm by 10 cm pelt sample was used for this purpose. Reflected light was measured with a pyranometer (model CM 6B, Kipp & Zonen, Delft, Netherlands). Light source was provided by a 300 Watt halogen lamp. A black card painted with Krylon ultra-flat black paint, which had 3% reflectivity (97% absorptivity), and a white card painted with Behr flat ultra pure white, which had 92% reflectivity (8% absorptivity) were used as calibrating references. The reflectivity of skin was not measured in this study. A measured value (0.24) by Gebremedhin et al. (1983) was used in the simulations conducted herein.
Simulation
A mechanistic coupled heat and mass transfer model developed by Jiang et al. (2004) that predicts skin surface temperature, sensible and latent heat fluxes was used to simulate the effects of different environmental conditions and hair coat properties. Input to the model include: air temperature, relative humidity, air velocity, solar radiation, hair coat density, hair diameter, hair coat thickness, absorptivity and reflectivity of the hair coat and skin reflectivity.
Several simulations were performed to determine the effects of environmental conditions (air temperature, solar radiation, and air velocity) and hair coat property (hair coat density) on skin surface temperature, and sensible and evaporative heat fluxes from the skin surface. In each simulation, the parameters that were kept constant are listed at the footnotes of each table. Negative quantities of heat flux represent heat gain rather than heat loss from the skin surface. In other words, the temperature in the hair coat is higher than that at the skin surface because of either solar load absorption by the hair coat or higher ambient air temperature than the skin surface.
Data Analysis
Measured data are reported on: hair properties (Table 1) as mean ±SE (n), average air temperature and solar radiation (Figure 1 ), internal body temperatures are averaged for every ten minutes (Figures 2-6 .), and internal body temperature with matching behavioral responses are (Figures 7 and 8 ). Table 1 summarizes the measured and calculated results pertaining to the physical and optical properties of the hair and hair coat. Note that the average hair length is four to five times the thickness of the hair coat. All breed heifers seem to have approximately the same physical hair properties but different solar absorptivity. The Angus and MARC III have darker hair coat and thus higher absorptivity than the lighter Charolais and MARC I. The days from July 31 to August 3 of the 10 day study period were the only days that exceeded a temperature humidity index (THI) of 80. For these days the average ambient air temperatures and solar radiation levels are given in Figure 1 for the hours 12:00 to 17:00. Body (vaginal) temperatures of the four breeds with shade available (shade) and no shade available (sun) are given in Figure 2 6 ) the rise in ambient temperatures while solar radiation declines (Figure 1 ). Although the average vaginal temperatures of the heifers in full sunlight were higher than those of the heifers in shade from 12:00 to about 16:00 h, the difference was not significant. Body temperature increased when an individual tan-colored MARC I heifer moved from shade to sun and decreased when it moved from sun to shade (Figure 7) .
RESULTS AND DISCUSSION Experimental
Lying, however, resulted in a sharp rise in body temperature (Figures 7 and 8 ). This is due to the fact that less body surface is exposed for convective and evaporative cooling. Body temperature rose at a faster rate when the black Angus moved from shade to sunlight (Figure 8 ) than when the lighter tan MARC I moved from shade to sunlight (Figure 7 ) because of higher solar radiation. The pattern of body temperature change during the afternoon was similar between breeds (Figures 3 to 6 ). Any possible differences between breeds are difficult to ascertain because individual behaviors, such as lying, have such a profound impact on body temperature (Figures 7 and 8 ).
Simulation
The simulated results are given in Table 2 . In the simulation, the measured physical and optical properties of hair and hair coat are used. The ambient air temperature, air velocity, relative humidity and solar radiation used in the simulation are the values measured in the experimental site: air temperature = 36 °C, air velocity = 4.5 m/s, relative humidity = 37%, and incident solar radiation = 706 W/m 2 .
The model shows no significant difference in skin temperature between breeds whether the animals are in shade or sunlight. The model predicted skin temperature range between 32.6°C (for black Angus in shade) and 33.7 °C (for dark-red MARC III in sunlight, Table 2 ). However, the effect of hair color is evident in the fact that sensible heat gain is higher in heifers under sunlight than those in shade, especially for heifers that have hair coat colors that are black (Angus) and dark-red (MARC III). When exposed to sunlight, sensible heat gain flux of the black and dark-red-colored heifers increased by 22 and 26%, respectively, whereas that of the white and tan-colored heifers increased by 4 and 5%, respectively. Evaporative heat loss is also relatively higher in the heifers that received higher sensible heat because evaporation here is nothing more than conversion of sensible heat into latent heat. The driving force for skin temperature is sensible heat gain, which raises the skin temperature and evaporative heat loss, which lowers the skin temperature by evaporative cooling. Therefore, both fluxes have opposing effects on skin temperature. Constant parameters are: Ambient air temperature = 36°C, air velocity = 4.5 m/s, relative humidity = 37%, solar radiation = 0 (for shade) and 706 W/m 2 (for sunlight), and hair coat properties are per measured values (see Table  1 ).
The effects of air temperature on skin temperature, and sensible and evaporative heat fluxes were simulated for the black Angus and white Charolais heifers (Table 3) . Three air temperatures (low = 28°C, medium = 36°C, and high = 42°C), which are considered to be typical temperatures for the area, are used in the simulation. When ambient air temperature is 28°C, the temperature within the hair coat is less than that at the skin surface and sensible heat is lost rather than gained. The low air temperature plus sunlight represents morning conditions, and the low temperature and shade represents night conditions.
Here again, the effect of hair color on sensible heat absorption is evident with the black Angus. Sensible heat loss decreased from 10.8 W/m 2 in shade to 3.2 W/m 2 in sunlight because of heat gain. In the white Charolais, however, being a good reflector of solar radiation, the model predicts little difference in sensible heat gain between a cow in shade or in sunlight (Table 3) . Increasing ambient air temperature increased the skin temperature and sensible heat gain. For example, for black Angus exposed to an ambient temperature of 36°C, sensible heat gain increased from 39.5 W/m 2 to 70.2 W/m 2 when exposed to 42°C. The same phenomenon is also apparent with the Charolais cow (Table 3) .
Intuitively, one would predict that shade would ameliorate heat stress during heat waves. When ambient air temperatures reach 42°C, providing shade has almost no benefit on heifers with a white hair coat and minimal benefit for heifers with black hair coat ( Table 3 ). This is due to the fact that air temperature exceeds internal body temperature. During the hot, sunny days of this study black Angus spent more time under shade than the white Charolais. Constant parameters for both tables above are: Air velocity = 4.5 m/s, relative humidity = 37%, solar radiation = 0 (for shade) and 706 W/m 2 (for sunlight), and hair coat properties are per measured values (see Table 1 ).
The effects of air velocity on the same responses are simulated for black Angus (Table 4) . Three air velocities (low = 1.3 m/s, medium = 4.5 m/s, and high = 5.8 m/s) were considered. Increasing air velocity increased evaporative heat loss, and consequently lowers the skin temperature. When the skin temperature decreases, the temperature gradient between ambient air and skin increases, which consequently increases sensible heat gain. Constant parameters are: ambient air temperature = 36°C, relative humidity = 37%, solar radiation = 706 W/m 2 , and hair coat properties are per measured values for black Angus (Table 1) .
Finally, sensitivity analysis was performed to determine the effect of hair coat density on skin temperature, and sensible and evaporative heat fluxes for black Angus (Table 5 ). The hair coat densities considered are 7.5x10 6 hairs/m 2 (measured), 15.0x10 6 (doubled) and 22.5x10 6 hairs/m 2 (tripled). Because heifers shed some of their hair during summer, the measured hair coat is considered to be minimum. The measured density does not include overlapping, which normally occurs because the length of each individual hair is higher than the thickness of the hair coat. For example, the average length of hair of the black Angus is 11.2 mm and thickness of the hair coat for the same animal is 1.9 mm. The question is because of overlapping, what should be the effective density of the hair coat? Since this was difficult to figure it out, we decided to run simulations by doubling and tripling the measured hair coat density.
Hair coat density seems to be more critical in affecting skin temperature, and sensible and evaporative heat fluxes than any of the other parameters considered. This perhaps explains why animals shed their hair during summer. Animals shed the guard hairs, which are the longer and thicker ones resulting in shorter and less dense hair coat. Doubling the density almost doubled the sensible heat gain. Increasing solar absorption increases skin temperature, which consequently increases evaporation heat loss. Tripling hair coat density further increased the skin temperature and sensible heat gain and evaporative heat loss. 
CONCLUSIONS
The following conclusions can be drawn from the measured data (conclusion 1) and the simulation model (conclusions 2-7).
(1) There was no considerable difference between breeds based on measured internal body temperature.
(2) Predicted skin temperature showed little difference for heifers in shade or sunlight at an ambient temperature of 36°C.
(3) The black Angus and dark-red MARC III heifers received higher sensible heat load in sunlight than the white Charolais and tan-colored MARC I heifers. For the white and tan-colored heifers, their thermal responses were approximately the same in shade or sunlight at an ambient temperature of 36°C.
(4) Sensible heat gain significantly increased with increasing ambient temperature whether the heifers are in shade or sunlight.
(5) When ambient air temperature reached 42°C as during heat waves, providing shade has almost no benefit especially on heifers with white hair coat and minimal benefit for heifers with black hair coat.
(6) Increased air velocity enhanced evaporative cooling of the skin surface, which resulted in higher sensible heat load because of increased temperature gradient between skin and ambient. The net effect is, however, decreased thermal load.
(7) Hair density is critical in absorbing (black and dark-red colored hair coat) solar radiation, which results in higher stressful condition. 
